Selective on-chip optical filters with high rejection levels are key components for a wide range of advanced photonic circuits. However, maximum achievable rejection in state-of-the-art on-chip devices is seriously limited by phase errors arising from fabrication imperfections. Due to coherent interactions, unwanted phase-shifts result in detrimental destructive interferences that distort the filter response, whatever the chosen strategy (resonators, interferometers, Bragg filters, etc.). Here we propose and experimentally demonstrate a radically different approach to overcome this fundamental limitation, based on coherencybroken Bragg filters. We exploit non-coherent interaction among modal-engineered waveguide Bragg gratings separated by single-mode waveguides to yield effective cascading, even in the presence of fabrication errors. This technologically independent approach allows seamless combination of filter stages with moderate performance, providing a dramatic increase of on-chip rejection. Based on this concept, we experimentally demonstrate on-chip non-coherent cascading of Si Bragg filters with a record light rejection exceeding 80 dB in the C-band.
The silicon-on-insulator (SOI) platform allows realizing miniaturized optical circuits that can be fabricated in existing CMOS facilities. These high-performance photonic devices have a great potential for a plethora of applications, including datacom 1 , sensing 2, 3 , and quantum information 4, 5 . While many highly efficient components have already been demonstrated in the silicon photonics platform, e.g. fiber-chip couplers 6 , fast modulators 7 and photodetectors 8 , the realization of high rejection wavelength filters remains a challenge. Indeed, the lack of on-chip optical filters with strong rejection hinders the full integration of some advanced nonlinear circuits. One clear example is silicon photon-pair sources, with a great potential for applications in quantum key distribution 9 and optical quantum computing 4 . These sources exploit spontaneous four-wave mixing in Si micro-ring resonators to generate multi-spectral entangled photon-pairs from a strong optical pump 5, [10] [11] [12] . However, due to the substantially higher pump intensity compared to that of the photon-pairs, such Si-based sources require on-chip rejections exceeding 100 dB 13 . This stringent rejection requirement lies beyond the capabilities of current Si wavelength filters, precluding full integration of Si-based photon-pair sources.
A myriad of optical filters has been reported for the silicon photonics technology, including Bragg grating filters [14] [15] [16] , cascaded micro-resonators 17, 18 and Mach-Zehnder interferometers 19, 20 . Although theoretical designs can achieve remarkably large rejection levels, most practical implementations are limited to the 30-60 dB range [14] [15] [16] [17] [18] [19] [20] [21] [22] . The main limiting factor to the achievable on-chip optical rejection currently lies in fabrication imperfections. More specifically, the high index contrast of the SOI platform make these circuits very sensitive to fabrication errors, as small deviations in waveguide width and height strongly affect the propagation constant of light, resulting in large phase errors 23 . This detrimental effect distorts the filter response, thus compromising its rejection capability. It is worth mentioning that conventional multi-stage filters are also affected by this limitation, as phase errors actually shift the wavelength response of each filter section and produce detrimental destructive interferences, offsetting the benefits of the cascading. These drawbacks have been partially alleviated by implementing active phase-tuning in multi-stage filters. For instance 60 dB rejection has been shown on a single chip with cascaded Mach-Zehnder interferometers 13 , and 100 dB has been demonstrated for a tenth order micro-ring-based filter 24 . Still, this approach complicates device fabrication and operation, as it requires implementation of tuning circuitry and continuous monitoring of the filter response to maintain proper performance.
Here, we present a new strategy for the on-chip implementation of high-rejection multi-stage filters, free of active circuit control. The proposed approach, schematically depicted in Fig. 1 , exploits modal engineering in waveguide Bragg gratings to achieve non-coherent cascading, making the device immune to relative phase errors among the stages. It turns out that such strategy permits overcoming one of the major limitations of on-chip filters. The waveguide gratings are shaped to yield Bragg back-reflections propagating in a high-order spatial mode. These back-reflections are radiated away in single-mode waveguides interconnecting adjacent filter stages, precluding coherent interaction. This generic strategy allows the implementation of high-rejection filters by all-passive cascading of modal-engineered Bragg gratings with relaxed performance requirements. Hence, the broken-coherency Bragg filter approach proposed here opens a completely new route for the implementation of high-performance on-chip optical filters. 
Results
Waveguide Bragg gratings reflect light back into the input waveguide by constructive interference of partial reflections in each period 25 . This resonant back-reflection occurs when the Bragg phase-matching condition, λ o = Λ2n e f f /p, is satisfied. Here, λ o is the Bragg resonance wavelength, Λ the grating period, n e f f the effective index of the mode propagating through the grating and p is the Bragg order. On the other hand, from coupled mode theory, it is known that the rejection (R) and bandwidth (∆λ ) of the filter are related to the grating geometry and filter length (L F ) by 26 :
Note that the group index (n g ) and the coupling coefficient (κ) here are mainly governed by the grating geometry. Ideally, arbitrarily large rejections can be achieved just by implementing a sufficiently long filter. In practice, achievable rejection saturates beyond a certain filter length [14] [15] [16] . To achieve the theoretical rejection level, partial reflections in all periods of the filter have to interfere constructively. However, even very small fabrication imperfections alter the phase along the filter, distorting the constructive interference. Such errors accumulate with increasing filter length, setting the saturation level. Cascading conventional Bragg filters does not address this issue, as back-reflections from each stage still need to propagate in phase through the previous gratings. This has two detrimental consequences: first, the effectiveness of cascading is affected by relative phase shifts between stages; second, fabrication imperfections in each section distort back-reflections generated by the following sections. To overcome this limitation, we propose a new multi-stage filter strategy combining multi-mode Bragg gratings and single-mode interconnection waveguides (see Fig. 1 ). The Bragg gratings are designed to yield back-reflections propagating in the first higher order mode. Then, back-reflections are radiated away in the single-mode interconnection waveguide section, avoiding propagation through previous gratings. This way we preclude coherent interaction among filter stages, circumventing the detrimental effect of cumulative phase errors, thus achieving effective cascading.
To demonstrate this concept, we used SOI substrate with 220-nm-thick guiding Si layer. For the implementation of the multi-mode Bragg grating, we selected a fully-etched process and a shifted-teeth geometry, as presented in Fig. 1(b) . The grating lattice is defined by the average waveguide width (W Avg ), the corrugation depth (W C ), the length of the teeth (L T ) and gaps (L G ) and the period (Λ = L T + L G ). By shifting the corrugation in one side of the grating half a period with respect to the other, this grating geometry precludes Bragg reflections in the fundamental mode 27 , while providing the asymmetry required to excite Bragg back-reflections in the first higher order mode 28 .
The phase-matching condition for this hybrid fundamental-to-first-mode Bragg reflection can be expressed as λ 0 = Λ(n 1 e f f + n 2 e f f )/2. In this case n 1 e f f is the effective index of the fundamental mode and n 2 e f f is the effective index of the first higher-order mode. We designed the shifted Bragg grating to operate with transverse-electric (TE) polarized light around 1550 nm wavelength using modal analysis and finite-difference time domain (FDTD) tools from commercial software 29 . The proposed design has a period Λ of 290 nm, an average waveguide width W Avg of 1150 nm, a corrugation W C of 50 nm and a duty cycle of 50% (L T = L G = 145 nm).
The different sets of shifted Bragg filters were fabricated in SOI wafers comprising a 220 nm thick silicon and a 2 µm buried oxide layer. Air is used as top cladding to avoid propagation of the transverse-magnetic (TM) modes that may limit the measured rejection. Figure 1(c) shows the scanning microscope image of one of the gratings. It can be noticed that the filter teeth are rounded, with local defects. We verified by simulation that rounding of the grating teeth does not affect the operation principle of the proposed filter. However, as discussed before, the local defects (different rounding among teeth, lateral roughness, etc.) alter the phase of the light propagating through the grating, distorting the experimental filter response.
Subwavelength fiber-chip grating couplers were used to inject and extract the light from the chip with cleaved single mode (SMF-28) optical fibers 30, 31 . These grating couplers were optimized to minimize back-reflections for the TE polarized light, thereby minimizing the Fabry-Perot ripples in the measurements for proper analysis of transmission spectra of the filters.
First, a series of single-section shifted Bragg gratings with different lengths were considered to illustrate the effect of optical rejection saturation. As shown in Fig. 2(a) , the rejection level saturates near 40 dB for filter lengths beyond 300 µm. This comparatively weak rejection is mainly due to the strong index contrast between silicon and air that accentuates the detrimental effect of fabrication imperfections. We compared the transmission of the filters to that of a reference strip waveguide to demonstrate the low insertion loss of this kind of shifted geometry and show that the lower transmission at shorter wavelengths mainly arises from the response of the fiber-chip grating couplers.
The potential of our new approach for non-coherent cascading is shown by the characterization of a set of cascaded shifted Bragg gratings separated by single-mode waveguides. The cascaded filters have the same total lengths as the single-section structures shown in Fig. 2(a) , but they are implemented by cascading multiple 50-µm-long grating sections. The 50 µm section length has been chosen just as an illustrative example, being the main conclusions valid for other section lengths. The single-mode waveguides have a width of 400 nm and a length of 20 µm. We use 25-µm-long tapers to make adiabatic transition between Bragg gratings and input and output single-mode waveguides. As depicted in Fig. 1(a) , we included an S-bend (bending radius of 15 µm) between each two grating sections to promote radiation of any remaining power carried by the back-reflected first order mode. The transmission spectra of the cascaded filters with total length ranging between 50 µm and 500 µm (comprising ten sections of 50 µm length) are presented in Fig. 2(b) . The proposed cascading approach yields a substantial increase in filter rejection, showing no clear evidence of saturation with the length. Note that for total lengths beyond 300 µm the on-resonance transmission of the cascaded filter lies below the noise floor level of the automatic wavelength sweeping and detection system (CT400 from Yenista).
In addition to a higher optical rejection, the cascaded filters exhibit a wider bandwidth. As discussed below, this wider rejection does not arise from relative wavelength shifts among different filter sections, but from the non-coherent nature of their interaction. From Eq. (2) it follows that, for a given Bragg grating geometry (fixed n g and κ), filter bandwidth decreases with the length. This could be qualitatively explained from the point of view of Fourier transform, as a longer spatial perturbation results in a narrower spectral response. However, different sections in the modal-engineered filter do not interact coherently. Thus, the bandwidth of the proposed filter is not determined by the total length, but by the length of the sections. This non-coherent interaction effect can be observed in Fig. 2(b) , showing that filters comprising 50-µm-long grating sections have a similar bandwidth, regardless the total length.
Aiming at confirming the incoherent cascading in the proposed approach, we fabricated and characterized two different 
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Transmittance (dB) Figure 3 . Measured transmission spectra of proposed cascaded filter for (a) fixed section length, of 25 µm, and increasing number of sections, showing no clear evidence of bandwidth increase with the number of sections, and (b) fixed total filter length, of 400 µm, and decreasing section length. Filter bandwidth is determined by section length rather than by total length due to non-coherent cascading.
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sets of filters. First, we fixed a section length of 25 µm and cascaded different number of sections, from 4 to 16, resulting in total filter lengths between 100 µm and 400 µm. Measured spectra, shown in Fig. 3(a) , demonstrate that the bandwidth of the cascaded filter does not significantly increase with an increasing number of sections. Hence, relative wavelength shifts can be discarded as the major reason for the wider bandwidth in the cascaded filters. This result is indeed expected, as all sections of the cascaded filter are fabricated under similar conditions, thus suffering from similar and random under/over etching effects. Then, any deviation of the central Bragg wavelength will be similar for all filter sections, yielding minimal relative shifts.
Then, we implemented the same total filter length, of 400 µm, by a single-section device, and by cascading 4, 6 and 8 sections of 100 µm, 50 µm 25 µm lengths, respectively. The different measured spectra are presented in Fig. 3(b) . It can be noticed that, even if the total filter length is always the same, the filter bandwidth increases with decreasing section length. These results clearly demonstrate the incoherent cascading in the proposed geometry, as the total filter bandwidth is mainly determined by the bandwidth of the individual Bragg gratings sections, rather than by the total filter length. Finally, to demonstrate the remarkably large rejection capabilities of the proposed broken-coherency approach, we implemented a 2.5-mm-long filter, comprising 10 modal-engineered Bragg sections of 250 µm length. The response of the filters was characterized using an automatic wavelength sweep and detection system (CT400 from Yenista) and the highsensitivity photo-detector in OSA Anritsu MS9710B (see Methods). For comparison, we included the response of a reference strip waveguide of 3.5 mm length. This length includes the grating lengths (total of 2.5 mm), and the lengths of the input/output tapers S-bends and single-mode sections. The proposed filter exhibits negligible off-band insertion loss, within the variability determined by fiber alignment precision and fabrication tolerances. The Bragg on-resonance transmission level of the cascaded filter lies within the noise floor of the OSA, with (at least) 80 dB of on-chip optical rejection. This is, to the best of our knowledge, the largest rejection experimentally demonstrated for a silicon waveguide Bragg filter. We used a fiber circulator at the input of the filter to collect all back-reflections. We retrieved a broadband and quasi-flat signal with no signature of the Bragg resonance and nearly -40 dBm level (mainly arising from reflections in gratings and backscattering in waveguide roughness). This result further confirms that Bragg back-reflections are effectively radiated away in the single-mode waveguide sections.
Discussion
In conclusion, we have proposed and experimentally demonstrated a new technology-independent strategy to preclude coherent interaction between cascaded Bragg filters. This strategy provides a dramatic optical rejection increase, overcoming on of the major on-chip performance limitations. While maximum rejection level in conventional wavelength filters is seriously limited by phase errors arising from fabrication imperfections, our approach allows effective cascading of low rejection level stages without the need for any active tuning. The innovative concept is to separate multi-mode Bragg grating sections by single-mode waveguides. We engineer the grating to yield Bragg back-reflections propagating in a high-order spatial mode, which is radiated away in the single-mode waveguides. This way, different filter sections are completely independent with no phase relationship, allowing effective optical rejection accumulation, even in the presence of phase errors. Based on this concept, we have experimentally demonstrated on-chip non-coherent cascading of multi-stage silicon Bragg filters, and have implemented a notch wavelength filter with an optical rejection higher than 80 dB. This is the largest optical rejection ever reported for an all-passive silicon photonic wavelength filter. The approach proposed here can be translated to any other integrated photonic technology, as long as it allows the realization of multi-mode Bragg gratings and single-mode waveguides. Furthermore, the broken-coherency strategy releases new degrees of freedom to tailor the shape of on-chip wavelength filters. More specifically, the bandwidth of the cascaded Bragg filter is mainly determined by the length of the single section, while the rejection depth is set by the number of sections. This unique capability to overcome bandwidth-rejection trade-off in conventional Bragg filters opens exciting opportunities for the development of efficient and fabrication tolerant Si wavelength filters, with a great potential for integrated nonlinear applications, e.g. next generation Si-based photon-pair sources for quantum photonic circuits.
Methods

Device fabrication and experimental characterization
We fabricated the different sets of shifted Bragg filters in SOI wafers comprising a 220 nm thick silicon and a 2 µm buried oxide layer, using an electron beam lithography (Nanobeam NB-4 system 80kV) with a step size of 5 nm. Dry and inductively coupled plasma etching (SF 6 /C 4 F 8 ) were used to define the patterns. We used a tunable laser source from Yenista, providing 10 dBm output power around 1550 nm wavelength. To collect the filter spectra, we used automatic high-resolution wavelength scan with Yenista CT400 (noise floor of about −75 dBm) and point-by-point scan with optical spectrum analyzer (OSA Anritsu MS9710B, with noise floor around −90 dBm).
